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CHAPTER I - INTRODUJCTION

.} BACKGROUND

During the several *ea&- spent in designing a subirine, a

great deal of effort is expended trtyinc to iW,-ove the design so that

the best possible vessel is eventually con-itrtuced. During the do-

sign phases tne designer wiil frequently examine problems that were

found in older suomarines and try to detev-ine the cause of each

problem so that they can be eliminated in the niw design. At several

stages during the design, computer models are used to assist in such

things &s structural design, equilibrium calculatluns, and internal

arrangement. As the design proqresses, physical models of the

proposed vessel art built and tested in a towing tank to measure the

hlydrodynamic coefficient,. Finally, when it is possible to deal vith

the vessel as a w4ole, a dynamic analysis is conducted to gauge how

t.he sumarine will perform in an underwater envirornent when all six

degrees of freedom are available.

While it Is possible to gather dynamic informat1on, such as the

hydrodynamic coefficients. from physical model tests, the models art

necessarily t3o restricted in their motion to permit a complet•
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analysis. It is necessary to construct a mathematical model of the

submarine to simulate the submarine's motion and thereby obtain

enough data for a complete analysis. The simulation model will use

the hydrodynamic coefficients obtained from the phytical model as a

basis for the simulation. A properl) constructed model will permit

the designer to simulate any conceivable maneuver and gauge the

sutmarine's respovise. The simulation model then becomes a tool to

assist in improving the design and acnieving the best possible

vessel. After the submarine is designed, the model can continue to

I) useful by assisting in the evaluation of operating procedures.

The model can be placed in any maneuvering situation witiout hazard

to crew or vessel. This is especially useful in evaluating casualty

situtions. The model can also be used to estimate the effect of

proposed design changes to the submarine. For instance, the model

can snow the effect of changing the muaxlmum deflection of a control

su-face er Its rate of operation.

All of the fre six degree of freedom submarine simulation models

in existence are too expensiye for daily use in the design office.

Gwnerolly, the models are complicated to use and sometimes difficult

Sto btain. These, problm n&ve created the need for a program that

is both inexpensive enough to permit aily use in the design office

ad simple enough so that anyone can use it. ls need has formed

the motivation for this thesis.

1.Z MODEL DEVELOPMENT

A mirthematical mIwel must ese 3wton's Law of Motion and the
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differential equations resulting from a dynamiic analysis of the

submarine. A submarine has movable appendages, so these must alsc

be accounted for in the model. Newton's Law of Motion can be

expressed as :

d
(1) Force A (mommntum)

(2) down (angular momentum)

If a submarine wi1t a coordnate system sucn as shown in Figure I is

used, then equation (1) can W applied along each of the three axes.

Similarly, equation (2) can be applied around each axis. This gives

a total of six eluations to represent the six degrees of freedom of

the sumarine. These six equations of motion are well-known [l] so

they are not developed in detail here. They are, however, included

for reference in Appendix A.

While the equations of motion for the submarine form the heart

of the model, they are insufficient by thsmelves. On an actual

submarine, the officer of the deck orders the rudder or dive planes

moved in order to maneuver the ship. The routines will normally

sense where the ship currently is and where it is 'supposed to be and

then move the appendages in tLie appqvpriate dlrecticn just as the

deck officer would do. The six equations of motion together with

the appendage control subroutines constitute the vital components of

the simulation model. A main program is necessary to coordinate the

input, output, and to control the action of the subroutines.

The comporients cf tue model are discussed in detail in Chapter

II of this thesis. The model is written as a computer program whose

features are discussed In Chapter IN. The final chaoter will
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discuss the model tests and their results. A listing of the

prograi will1 be provitded i n Appendi x B.

Ii
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CHAPTER II - THE SIMULATION MODEL

I1.1 GENERAL CAPABILITIES

The simulation model developed in this thesis will provide

trajectory information for routine submarine maneuvers such as

turning or changing depth. The trajectory. which is referenced to

a fixed coordinate system, is computed as a function of time. As

the trajectory of Uhe mod-el Is developed, tie velocIties and

accelerations are calculated and stored for output to the user.

Both angular and linear velocities and accelerations are provided.

The angle of deflection of each control surface appendage is computed

for each step of the entire trajectory or maneuver.

The rate of deflection of each control surface and its angle

of maximum deflection are specified by the user. Any of the control

surfaces can be &aid" by specifying a particular angle of

deflection. m model can be initially placed on any course and

depth itnd then ordered to coe to any new course and depth. The

useir can select the initial speed and the appropriate thrust

coefficients to cause a change in speed.
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11.2 COORD!MATE SYSTE$S

Thot coordinate system plan used in the simulation model is

based on [1]. The model uses two orthogonal coordinate systems; one

remaining fixad at the water surface while the othet travels with the

submarine to act as a local reference system. The fixed system,

designated xos Yof Zoo is rilated to the moving system, designated

x, y, z, through the angles 6, 9 , k as illustrated in Figure 2.

Quantities measured in the moving system can be referenced to the

fixed system by using the transformation [2] given in Appendix A.

The origin of the moving system is at the center of gravity of

the submarine. This has the advantage that only the principal

moments of inertia, I, ly.I [., are non-zero (i.e.: I -lyz-l M 0).x y zy yz
It has the additional advantage that the equations of motion in (1)

also use this reference point for the x, y, % system. It would have

been possible to use the centerline of the suomarine for the origin.

This would have the advantage of making better use of the symmetry

of the vessel, howevr it wouid nave the disadvantage of having to

corrict both the equations of motion and some of the hydrodynamic

coefficients for the new origin.

Appendage movments are measured with respect to the moving

coordinate system. All velocities and accelerations are measured

along the axes of the movi'.g system. This is also show in Figure 2.

11.3 EQUATIONS OF MOTION

The general nature of the six degree of freedom model requires

the use of the six equations in their non-linear form. A large
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number of hydrodynamic coefficients are necessary for this model.

It would be desirable to derive each coefficient from existing hydro-

dynamic th-ory. Some coefficionts have b~tn obtpined for Lodies of

revolution or other mathematically amenable shapes ;'however, when

appendages such as control surfaces, fairwaters, and propellers are

taken into account, the accuracy of the theoretical values is brought

into question. For this reason it is standard practice to obtain the

numerical value of the coefficients by experimental means. This

usually entails the towing and measurement of physical models.

Once the hydrodynamic coefficients are known, the equations

can be sol-ied for the accelerations. The six equations of motion

must be written such that the highest order derivatives, namely

u. v, , •, q. r •and their coefficients, appear on the left hand

side of the equation. This gives each equation a form like:

a +, a U .- l + ai, J*2 W + a 1 1J+ 3 p * a1 .J+4 q + a ,J+5 r
• ft u, v. w, p, q,.r,*, q.v• . so. Sbo 3*s ms,•,..

The left hand side is placed in a matrix format. The six equations

are then represented as:

uf

v f2

* 4
q fs

,,,w~
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The method of solution is an iterative technique 'in which Initial

values art used in the right hand side functions end the six acceler-

ations are solved for on the left side. The accelerations are then

used tc update the right side functions. A small time increment is

made and the accelerations are again solved by using the latest

value for the right side functions.

With each iteration the accelerations are used in a Taylor

series expansion to calculate the velocities. The calculations

have the form:

v vv
W (t+lt)- (t) *At)

p p ip
q q q
r r r

The pitch. v'oll, and yaw aujles are calculated in a similar manner

using the angular velocity and acceleration.

(t + At)- (t) { q} at) j (-)

In order to plot the trajectory of the submarine, a coortinate

system transfor"ation is performed to obtain the linear velocities

X0, y0 , zo fj the fixed coordinate system. The velocities are used

in a Taylor series expansion to obtain the position of the center of

gravity of the submarine in the xO Yo0 Zo system.
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YO Y (t + at) yo (t) + ;o

When the position of the submarine is calculated the tint is advanced

one increment and another iteration begins.

The iteration loop will continue to operate until so•. test

criteria are met. For instance, if the model is performing a dive,

then the model tests the value of z to see if the model is at the

appropriate depth. A test is also made of the pitch angle to see if

it is within some specified range of zero. Lastly a check is made to

ensure that all of thd dive planes are at zero deflection.

11.4 CONTROL SURFACES

The motion of the model is controlled by the movement of the

control surfaces. The. control surfaces include the rudder, the

stern planes, and the sail planes. For analysis of submarine designs

the movemt of the control surfaces can be governed by an automatic

control syte. In the model edch control surface is provided with

its own automatic control system. The principle of operation for

all of the automatic contrnl system is the same. In each case the

deflection of the control surface is made proportional to an error

signal and the rate of change of the error. The sail planes, for

instance, control the depth of the model. The .alculated deflection

of the planes is proportional to the depth error and the rate of

change of depth.
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8 K1 (present depth - ordered depth)

+ K2 (rate of change of depth)

A large error will initially cause a large deflection, but as the

rate of change increases, the deflection will decre&se until some

moderate rate is achieved. Since movement of the sailplanes does

not have any significant effect on any motion other than depth,

its control system uses only the variables associated with depth.

The stern planes control pitch angle as well as depth. The

control systam accounts tor this by using the pitch angle, 9. and the

rate of change of e.

K K3 (present depth - ordered depth)

+ K4 (rate of change of depth)

+ KV (pitch angle)

+ K6 (rate of change of pitch angle)

The K*s in the control systues are proportionality constants

known as gain. n-e value of the gain determines the sensitivity and

response of the control system. Since the error signal continually

varies during a maneuver, it is best to keep the gain low. It is

desirable to have just enough gain on the error signal to get the

control system moving and keep it moving in the right direction.

The gain on the rate signals should be much stronger to dampen out

trie oscillations caused oy response to the error signal.

The control surfaces move at a rate specified by the

user. Whenever the calculated deflection differs from the

present deflection, the control surface will move toward

the calculated value at the specified rate.

I II -
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CHAPTER THREE - PROGRA4 USER'S GUIDE

111.1 GENERAL FEATURES

The simulation model consists of a maltn program and four

subroutines. The four subroutines are named FUNC, RUDDER, DEPTH,

and STERN. The main program reads t.he input datu, changes units,

Initializes values, and prints the output. The main program performs

the Taylor series expansions, the coordinate system transform, and

provides the logical statements for calling the subroutines. On the

first iteration, when time equals zero, no subroutines are called;

the output from this first iteration is then a statement of the

initial conditions of the problem. Each succeeding iteration will

call subroutine FUNC to calculate the new position of the model.

Calls to the control surface subroutines are made on the basis of

need, with no subroutine being called more than once in the iteration.

The decision on whether or not to call RUDDER, WEPTH, or STERN is

contained in a series of logical IF statements in the main program.

111.2 SUBROUTINE FUNC

Subroutine FUNC contains the six equations of motion. The

IL
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input pirameters to rUNC consist of the hydrodynamic coefficients,

the t del ýelocities, the orientation irs space, all of the ship's

characteristics such as length and moments of inertia, the deflection

of each control surface, and the propulsive coefficients. The sub..

routine returns the value of the six accelerations: UOT, VDT, WOT,

PDT, QOT, ROT. The input and output for FUNC are all contained in

C0M40N /FOUR/ and COMON /FIVE/. The solution to the matrix equation

in subrtutine FUNC is made possible by a call to the library function

LEQflF L3]. LEQTIF performs a Gaussian reduction for the mitrlx

equation. Any similar Gaussian reduction could be substituted if

LEQT1F is not available. An explanation of tha paramters used in

the call to LEQT1F is found in Appendix B.

lII.3 S•JROUTINE RUDOER

Subroutine RUDOER ¢cntrol.ý aW norizontal uotioei for the

aodel. The input parametrs ii,.1ide: K9, K1O, T5, T6, Ti1, Tl2,

T17, 1`18, TLAGR, RRATE, RUDAMT, CUURSE, DELR, DELT, R, PSI. The sub-

,4utina zeturis a new value for 0EI.R, the rudder diflection, based on

a calculation ising its present and ordered headings. The inputs are

all contained in CUMMON /THREE/ and C3r')N /FIVE] . Subroutine RUODER

is called whenever We model is not on the desired course or when the

rudder is deflected.

111.4 SUBROUTINE DEP'TH

Subroutine OEPYH controls the forward set of dive planes. It

can control either ouw planes or sail planes depending on what the



21
submarine is fitted with. This subroutine is sensitive to the depth

error and the rate of change of depth. Subroutine DEPTH will move

the forward planes in the lIirection necessary to bring the depth

error to zero. As input parameters, the subroutine uses: KI, KZ

Ti, T2, T13, T14, T15, T16, TLAGB, DELT. 01FF, ADIFF, ZDT, ATHETA,

WAXANG, DCRIT. The subroutine returns a new value for DELB, the

bow plane deflection, after each call.

If MAXANG, the ma.ltmum live/ascent angle, has been exceeded,

then DEPTh will return a diagnostic write statement. The user may

specity ,4AXANG, the maximum pitch angle for the model. Whenever

,MAXAtG is exceeded the diving planes are moved to reduce the pitch

angle and a diagnostic signal is oe-aerted from within subroutine

DEPTH. The diagnostic will say "Maximum dive/ascent angle exceeded

at time Standard fixup taken.* Since the dive planes only

begin to react waen !0AWG is exceeded, tre submarine will oversnoot

the angle before a reduction in the angle actually occurs. The

diving planes will continue to operate until the pitch angle is

less than K.XAG.

DEPTH makes only a minimal attempt to control the pitch angle

of the model; it only warns the user wnen the angle is excoeded, and

then moves the bow planes so that the pitch angle does not grow

larger. The principal purpose of ZiEPTH is to provide depth control;

it *des this in conjunction with subroutine STERN.

111.5 SUBROUTINE STERN

Subroutine STERJN controls we movement of tne stern planer. to
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achieve the e•sired depth and pitch angle. The movement of the

planes is sensitive to the depth error, the rate of change of depth,

the pitch angle, and the rate of change of pitch. The stern planes

will move to bring the depth error to zero and the Oitch angle to

zero. As input parameters the subroutine uses: K5, K6, K7, K8, T3,

T7, T8, TIO, TLAGS, STERAT, STERMX, THETA, Q, DELS, DIFF. ADIFF,

ZDT, AThETA, MAXANG, NOPICH, OCRIT. The subroutine returns a new

value for the ster plane deflection, DELS. The input and output

parameters are all contained in COMM1ON /ONE/, COI4ON /FIVE/, and

COhMON /SIX/. STERN is called to achieve a depth change or to correct

the pitch angle.

111.6 RANGE VAR;ABLES

Since it is not usually possible to bring a com•puter simulation

model to a precise depth or angle, it is necessary to define ranges

around the desired depth or angle which will be acceptable to the

user. For example, if the submarine were to make a depth change of

50O feet, the dive way be considered comlete if the model settled

within ten feet of the desired depth. The range is specified by the

user to enable I•im to achieve wnatever precision is desired. Within

this range the main program will not make a call to the control sur-

face suoroutine; since no call is made, the control surfaces cannot

be moved. In the program, the variable name for the depth range is

NOOIFF; it is usually set at + 5 or + 10 feet. Subroutine DEPTH will

be called wnenevor the model is off of its ordered depth by more than

43001FF. The range about zero pitch angle is given the nae ,NOPICH;

I
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it is usually set at #- I degree. STERN is called if the pitch angle
is greater than NOPICH. The variable name for achieving Vie proper

course is ONCRS; it is usually set it +. 1 degree. RUDUER will be

called whenever the model is off course by more than ONCRS.

An additional range variable is used during diving or surfacing.

When the model moves within some critical range of the desired depth,

it is time to begin moving the dive planes to zero angle and let the

vessel glide into the desired depth. This maneuver prevents

oscillation of the dive planes as the error signal and the rate

signal both becoce small. This also ensures that the planes are at

or near zero angle oy the time the desired depth is reached. The

noe of this variable is DCRIT; it is usually set at 50, 75 or 100

feet depending on the speed of the submarine. STERN will be called

whenever the model is off its ordered depth by more than DCRIT.

II1.7 PROGRM PARAMETERS

The iterative nature of tne program relies on a time increment

being made after eacn step. The size of the time increment is

optional ; the smaller the Increment the more accurate the calculations.

In selecting the size of tha time increment, one must bear In mind

the length of time required to complete the maneuver and the storage

capacity of the program. jue to the quantity of information that is

calculated by the program, it is practical to print only half of the

data at one time. The other half of the data is stored in the

array STNW. This data is then printed wnen the maneuver is cooplete.

STOW nas the capacity to hold the data resulting from 600 iterations.
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A time check is incorporated in the main program to enable the

user to limit the number of iterations. Achieving a number of

iterations equal to the variable ICNT will cause the prrlram to stop

the present maneuver, print out all data, and see if another maneuver

is desired. MIT should not be made larger th-i 600 so that the

available storage space is not exceeded.

Each control surface subroutine has a time lag scheme which

senses the initial command to the control surfice and prevents

imidiate action. A time lag occurs each time the direction of

movwmnt is changed. A different time lag may be specified for

eacl control surface.

The variable INDEX is used to allow the user to perform more

than one maneuver with a given submarine and .hen shift submarines

to perform more maneuvers. If INDEX Is less than or equal to zero

0h-k t.e s---- su.varvi! coefficients will be used for each set of

iritial condit-lons. If INDEX is greater than zero the program will

reau new co,,fficients as well as a new set of initial conditions.
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CHAPTER FOUR - TEST RESULTS AND CONCLUSIOMIS

IV.1 FUNOAMENTAL .0TION TEST

Thw validation of the simulation model is a matter of impor-

tance. The method used was an independent test of each component of

the model, and then a series of tests wit° the components of the

model working together. The test maneuvers were selected either

Keca&se the correct dynamic response was known or because the maneuver

was simple enough so that the general nature of the response could

be predicted,

The first portion of the model to be tested was the subroutine

FUNC. FUNC obtains the solution to the six equations of motion. It

was important to establish that these equations were properly

installed in the program. A test of suoroutine FUNC necessitated a

simultaneous test of the MAIN program to read in the hydrodynamic

coefficients, set up the "A" matrix for FUNC, perform the Taylor

series expansions, and write out the results. The test for FUNC

was to reduce the CM of the vessel to zero rand then to assume a

constant angle on the dive planes. If the model was working :or-

rectly it should traverse a perfect circle in tne vertical plane.

.m m .4 m•mm m m
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It was known that the rudder should not move and the model should

not roll or yaw. The model should assume a circular trajectory with

a constant angular velocity and a constant vertical tomponent of

velocity, w. Figure 3 shows the results of the maneuver. A circular

trajectory was quickly achieved. The angular velocity was constant,

w was constant, and the position of the model in the fixed coordinate

system confirmed the circular path. The model did not roll or yaw

and the rudder did not move.

IV.2 HORIZOVtTAL MOTIUN TEST

With ths knowledge tnat the equations of motion, the Taylor

series expansions, and the coordinate system transforms are operiting

properly, tWe subroutine RUDDER was the next component to test. It

vias decided that a simple left turn of 40 degrees would be an

appropriate test. A left turn was chosen because that presents the

greatest opportunity for error. The original course would be 000

degrets true and the new course would be 320 degrees true. Since the

yaw argle is positive when turning right, the mode' must cope with a

negative yaw angle as well as a proper method for dealing with course

neadings given in true bearing. The subroutines DEPTH ana STERN were

rendered inoperative to give the opportunity of seeing RUDDER operate

without interference. The model would be checked to ensure that the

proper rudder rate was used &na that the rudder angle did not exceed

the maximum angle ordered. The model would be expected to roll and

squat in the turn. A change in depth was expected since the dive

planes could not act. As the model approached the new heading the
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rudder should be put amidships and the vessel should steady out.

In Figure 4 the relationship between the rudder and the heading

is shown as a function of time. The model reacted as predicted

exo t possibly at the end of the turn. The rudder'was amidships and

the new heading was achieved but the program did not run long enough

to ensure that the model was steady on the course. The model did roll,

squat, and change depth as predicted. The test for RUDDER was

considered to be accurate and sufficiently complete to warrant moving

to the next test.

IV.3 VERTICAL MOTION TEST

Since DEPTH and STERN operate together to regulate the depth

and pitch of the model, they were tested together. The test consisted

of a simple dive with a depth change of 700 feet. The course was not

changed so the rudder should not move. The model should not roll or

yaw. The dive planes should move in the proper direction and at the

ordered rate. They should not deflect more than the ordered angle.

The model should pitch downward and if the maxl•um ordered pitch

angle is exceeded then the dive planes should move to reduce the

pitch angle. As it approaches the desired depth, the model should

slow its rate of descent and settle within ten feet of the depth,

with 0 1 degree of pltchn migle.

The trajectory for this test is snown in Figure 5. The model

acnieved steady state only six feat Deyond the desired depth; the

pitch angle was -. 03 degrees. The dive planes were all at zero

defle:tlon. The model stayed within ten feet of the ordered 4epth

*24
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and within one degree of zero pitch angle for twenty seconds. This

was done to ensure that a steady state had been achieved.

IV.4 COMPLETE MODEL TEST

As a final test the entire simulation model must work together.,

This test repeated the forty degree left hand turn but this time the

dive planes were allowed to react to try to maintain the depth. The

proqram was kept running until t.6 pitch angle was within one degree

of being zero, tile model was within one degree of the prcper course

and the depth was within ten ireet of the ordered depth. The model

was initialized on course 000 degrees true at an initial speed of

twenty knots.

The maneuver was successfully completed. The model remained

steady at 320 !1 degrees true and the final depth was within one

foot of the oraered deptf. Both the pitcn and roll angles were near

one degree and were decreasing in magnitude. All of the control

surfaces were at zero angle of deflection. It should be noted that

the new course had been achieved during the first sixty seconds and

that the course was maintained by the model while the proper depth

and attitude were being obtained.

IV." USE AS A DESIGN TOOL

There are numerous design tasks that could be used to demonstrate

the simulation model; a simple examole is sufficient for this demon-

stration. Suppose a designer wanted to know the dynamic effects of

increasing the rudder rate in a turn. The designer would elect to

I
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use a simulation model. Since he viould not want the dive planes to

interfere with the analysis, he would set NODIFF, OCRIT, and NOPIAH

a! large values so that the dive plants would not move. Then he

would set RRATE, the rudder rate, at the value he desired to test

and order the model to come to a new course. For this run, let's

assume that the designer performed the left hand turn from W)O

degrees true to 320 degrees true. He used a rudder rate of two

degrees/second. He then caused the model to perform the same

manuever again with a new rudder rate of four degrees/second. With

the output from these two maneuvers he could easily find the time

required for the turn, the advance and transfer of the submarine,

and the roll and pitch angles as a function of time. The designer

could use the information for whatever analysis he had in mind. The

model could be run again at new rudder rates or the dive planes could

be brought into play or virtually any other maneuver could be

simulated. This model can also do snap roll analysi• [4].

The cost of running the simulation model is so low that it can

be used on a daily basis if desired. For the test turns mentioned

above, the cost was less than five dollars, which included reading

the cards, compilation, execution, and 900 lines of output. A

designer who used the model regularly could have the model as an on

line dataset which would greatly reduce the cost of using the model.

IV.6 CONCLUSIONS AND RECOM9E14OATIONS

This simulation model does accurately simulate the six degree

of freedom motion of a submarine for moderate maneuvers. The cost of

I 1
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operating the model is very low, which will allow frequent usage.

The model is designed to permit a great deal of flexibility in the

application of the model. For those designers who use the simulation

modell, it should be a useful design tool.

If work were continued on this simulation model, it is recam-

mended that some time be spent in improving the appendage control

subroutines. Further application of control theory would be helpful

with the appendage subroutines. The data input could be organized

more efficiently to remove some of the opportunity for error. It

could be very useful to have a plotting routine in the model to

visually display the information.
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APPENDIX A

A.1 NOTATION

S.nbol Dimenstonless Form Definition

*' • oyancy force. posiive upward

CS Centor oi buoyancy of aubmarine

Cc Center of masa of submarine

z * Moment of %nortia of submarine about x axes

u7- Moment of ineorti tf subrmarine about y aisi

SIa Moment of tnertia of submarine about & axle

SL Product of %nertia about my axis

y 1 y' •Product of aiertia ab2out yz axe.

an a Mx T l Product of taertia about ax axes

K

KK' Hydrodynamc rnoinant component abuot r m
&=as (rollingl moment)

K. Ke' Raiihng mornent Ahu% b)odv angle (op, 5) and
K* 'control surface an-ýIs are *ero

K
K K • •ColGtconi t ssed -n representing K( as a

funeton of (l-i)

K K * First order coefficient used %n representing
P P *04U K as a function o( p

K K a i.. Coefficient used %n representing V as a function

K 1 p K I'4 0 Seconi ordur ýoexfkc¢ent asod L reprssaning
K as a function 39 p

K K I Coefficient upcd ir representing K as a function
p4 P4 ,o of the product pq
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K K - Coetfictent used in repr.senting K %e aKts qr p46 function of the pioiuct It

K1  Kr' First order co.fficient used in ropresenting
FOM K as & function o( r

K; K K; Coefficient used in representing K as a
' • -trin o of i

K, K K First order coefficient used %t rspreosentnng
' K as a function of v

K' Coefficient used in representing K as a
function ot

Kv K, 0 X * I Second order coefficient 4sed in representing4 vK as a funcron of v

K, K" Coefficient used -n representing K as a functito
ad the product vq

K K - Coefficient used in representing K as a f(u•ttion"KP of the product W-0

KK Coefficient used in representing K as a functton
~ of this product '-p

Kw K r:= Coeffictient used in representing K &as a fuanctionrW wr' ot" a( the product wr

K K eK~ First order coe(tic:ent used in representnag
K a m a lunct wan at Sr

S' 1 OvemrelU 'ength of submarine

ft . M Lass o( submarine. including %64tar in free.
|loo•itng spaces

M M , Hydrodvtamtc moment :omponent abouat y axis

SO pttl(itching moment)

* Pitching moment ýhen Sodv &ngles ie,. S) and

Md~) 0 _* Second order coefficitnt •Aed .n representing
Ppi•- M4 as a f•ction of p. Fi•rst oriser cooffictent to

M/ M ,, MeFirst order covfficient used kn representingl
4 44 •Ljf4 UJ asl ae •ntiotn of 4

Mt41 %4lq fi•rste order :a,*Wi¢ient jsed in r'epresenting

S•-•L--• ooffitclen 48*d v" rtprr senting M4 am a

;0 a
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M'
4
qiq* * q .l2 S%2corW order "e!Ilciont A-%d in representingq~~~qJ~ ~ I&e- - Aa function at I

14 M i,- I oefftcvo'i vsed iii rePre.IO--%zan M so as A
Mqfa MIq :''IovU *unction q

M M rp't Covitci.e-t lised ir. re•rcoentiing N4 Ag a

rlrp |p . (tuncttOn of the product rp

MrM Mr,. S.can-. e~rd,- Coc."iciet uied in repreaertttnS
7Wt M 4as a tinction of r itrat arder co,.tiicif:nt

%s were

M1 M Coefficient used in rerzrc3e*,tnS M as a
"VP. (unction as the produci vp

M, NA CeoffLctirt usad in representing M4 as a
r yr •(unctiona o- ,he product vr

M . So.ond order coefficient gesd in reprem•2nrting
I To- M 44 a tunctiown of v

M M First a trst order :!acfictent &sed in representing
as al tuInctiolt a( w

1 * M rirsi 3rder counct.ont ue •* n repr.senttfnl
t~ ot U sea runctionol(,--l)

NW Coeof•.cnt used irk representing M. as a function

)Aiwi
M4 First *rder c!t ise tu rpritrtin- .14

II !w "• &eas a fulnction of w; c;,,al to &ere ,or symmetrical

tis tiOn

NAwiq M'w~q U Cotf.itcnet zbed in reproseoatrng Mq as a function
To -Z d W,

M, w ' Second order :"e(MCedt 4ied in representing
w W M as a funr.ction ot w

Sd, 14, Vw 1 .' Fitrst order coeffizoen: Aised in representingtO9 .1 ,M &4 s a lunc'*on at r?- 1)

1r .M4 a mw Second orler cca(ffciont used in representing

metrtcal function

4 b S1 4 a s x f u n c t i o n o f 5
M~jTJ1 • Tatrt Orde? ¢o•....cir.: soed at representing

"M to M14 I aFirst order coe(f€%:acat aseed in :eprasenttng
j1o as a function oi 3,

e Fir "Ist orte; ziefficient amed •n repetsenttng
Sell S 737"' at m- 01

Ie
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HN'-vn%% nnr-% mt omr.,rlent about a
axis (yawing mornc.itt

*AAti moen Alln Sodef min.o e. ¼,) and

N * ~~ First order c (. As.A in reprosionti.1g N
p as a function of p

NN. *Coefficignt used in repriese.%t1il5 N as a function

* !N5 Coefficient une repreqt-itng .1 as a function
pq ~~ ~o P- 04 t h produ~ct pq

N. N~ A Costfficlovi ac~d rin representiml N as a function

N at the prodiý:t qr

j94 r %. an &unction of r

*m . rirst or4.:r 3cf!Ii*-%t used in representing
MI r~ twou Nr a a 4 Iifus on I~ I

a a*~---Coosfficto-t used i reprosenting 14 as a func~tion

rjrI ~ ~~~ t' I s n; o

r [6r ** N3 as a fr~~i~

aso U uv;a funti r ~r.bti~Ž

M. a N~ t First nrdctr coc!!ficz'.t used in reprose ntini S~

t9 ~ ~ a am functaio of v-

M. N. 4 Cftc.ta.,n e0presenutig '4 as a
W v .. function of ý'

-4 j. Coefficient 'Agd .-I ::-ep::;nting *4 as a :%inction

FCriefitt order ... t~in rersenting Vr am ani

Was a functioin of v~
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WNW • ••Coefficient used in reprisentkn; .N as a function
v p 0l o the product vW

*w NwT. Coefficient used in represr•nting . as a function
o1 the product wp

MNW N *I Coefficient uscd in representing N as a function
WV Wof the product v*r

#r Nr' - Arm TirIt order :L,,ficient Ased in representtng N
aI a functi'" Ia( 3r

N~rt , Nj• • , r'irst order ý ). .c€tent used in representing
INr a0 a Lunc€:on of 'q- 1)

p p' Angular veloc,,ty cornponent about X iksit
reLative to :'.. . (toal)

Anguar a cco .. ration comnponent about x #SAO
reUr r tive to iluid

U Angular veloctty componetl about y axle roLative
to fluid (p%tch)

V.ls r acelavratitcn 'llmponen. about y aisi
t LA eto ".Ai

r U AnguLar ve,.2t'.' r1:OPIent about a axis
%.L~tiv* to (luij ;yawl

0 -- r Angular ac,:*.vratinn :.3mponent about & j.,
relative to 1itud

U TV Linear weiocity A( -rijin -;I b*ody &ee relative

U to fluid

4 Co-nponent of !, kn I.rection 3( the a axis

1 .:. e Time rate of cAiana o.f is in iirection of the
L' a Aide

1€ .* 7• C" ortluriafh tpe~'. iAA.. err a,' Ua .. ,'f sis•al •p..ld

Coamponof.nt i - : i -% -i' r-- -I I r!7 nn he n
b,"If 4Anqee fl, 11 IMO .Ont ro sur1.aca amiats
are 4i(rOr 5.6.n chaneS s th prtip-pilar ecveirsal

, -t - Component of " ;n 4,rection of the y axis
U

; ; • LILL ~m rAta of[ cl.%noe o( i n Aitrertititi of !he
U" x'
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* Consponent c( U in directi.o of I.he axle

a" Time rate of change of % in direction of the

t * a Weight. nclu•divg water in free flooding specac

z Lonittuiinal body axsle also tho coordinve cf a
4 point rT v. to 0Ie ori.;n of body &xeo

3  "u TThe a coordinate of CD4. .

* n• . T'he x coordinate of CC

_o __• A ccorditiate of '.he dispiac:ement of CC relative

4. tO the ori;in €o•f t |•l•&e

X

X * Hy•dodynamic !orce component along a axis
19'. 1) Clongitudinll, or aixAl. orte)

xX * Second order cooefficient "•4sd in tcpreenting
qq q q ,- X as a (unction of q. TFrst ordcr croeftictent

V X S - Coefltctcn' used in representing X as a function
rp rp of the pro•uct rp

x re rr Secod order coefficient 4sed in reprosenting
X as a function ot r. Firt order coefficient ti

a* re)

x4
S. X., = Coeoflcient jeed in representing X as a !unction

X X * Second orrier coeaficient -,&ed in representing
'aM •ll X as a function of 4 in the non-propoiled case.

Ftrst order coe(ficient is &arcT,.
X X Xr Coeofficient Qved in re*esenting X as a fmcttionT ;Z*e4 the product wr

x
Xv Xv• . Second or der coeffient iced ia rep rewe~ting X

-V ~ ca a fian,~in of v. Frint order cocU~cie it is tero

XXv • i lirrt orA-r coefficient used in representing Xvv
V" ~ p as a funcioa, of (fi- 1)

q!X ' W Coeffic;cnt "je(d in representing X as a i•i ichton
Wq t041L of the prcdmlct vq

a
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x Xw a Second order coefficient usd.i in rcpresentcing*w fig 94, rX as a (unction of A. *Fiirst order cocetfiient to

zero

x ww First order coeffictent used -.n representing 'W ias a functlun CL (n- 1)

X ~b6b X • Second ord-- caocffic.int userI in representing X

*bas a •nctin f •b" First order coefficient

is zero

x x Second order coe.f'%ient -,seon n represcnting6rar 6~r~r' •PI.4 X as a (unc-1o.o Ot 6r. First order coakicioen. ts
sera

xr xsr •F.rot order -aeffi'iont used in representing
X a as a .. nctionf (•y- 1)

xX * Second ordwr coc.: :ent ',ted in representing X$48 boas as a functia.n Df First order coefficierit &s

zero

x 6 F:rst order caf"i.:ient -,sed ,n representing
x,.L &$as As ~'-.Act'On 3(at -

' I. YLateral bodv axis: also the coordinate of a
point reiaiý-o- to the jrigin gi bi(4ry ax~ev

!j V Y3. " The y coorrt-•tte cf C3

G' The y coord-nzt. of CC

Yo!re )'o* • •toA thoord .Z,•t of ah iso, ~ rn n 31 .-. relaaxes

Y r H yrodynarm•c •or:e component along y axis
(Lateral iorcel

is Ye , • Lfteral force %whven body an;1es fa, 3) and control
LU- surface an;les 2re zero

Y.

SYe, • T ;Tiru,• ardor coet'ficia-.t iuit' :n ropresontingl
P •iQ•U a s a ,%anc'on o

Yy Coefficient scd "n rvpresnting Y as a function
P i04'4 afl

YI Ypa Y aui- Sacond or'klr cocifi.ent qae, in representir.,

P p pa
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y y - Cot:?.rient used in reprosenting Y .a a (%ancton
SPq of. th Ue pro•iuct pq

y
y *y Coa(tfctent used in roprcsenting Y as a functiot

iY' aI.. product qrY

Yr
yrFrst order coefficient Asad in representing YYr Yr' * as* a function• at r

SFirst order coefficivnt qaod tn reproscnttng
vt I-AU yr as a funaction of (-1

1 Co.Liicient usaed n representing Y *a a function
*I

T
'rlbr

y y T r Co4(ificont used in representing Y as aI r!r' I cunton o4 r

yV 7 =V First order coef(fcient a4&ed in represmenttng

t2V UY as a tuco ok v1

y T 0 First order coeflaievnt asen .-• representnig
Tq v~l "a Yv asa function of k.-

T Y.' a Coe(ffcient used in represer•ting Y as a
OfuncttOi On v

Y
TY . Coof"eflctent 'A ed% - roprosontmg Y an a furcti.n

of tUo prduct vfj

Y", r. Coefic•i•t used in representing •. as 4 functiao

YVV
Y, lvl vi Second order ceetficient aced in representing

Y as a function taf v

Y vvlty
- TIrot order -oaf'.cient ased ir, representing

YYivas a lunctivn at

-- Coefic:a.nt '.sed , rearceent•ng T as a

', iaancton of -"e p-3duct v',

y
' * Co•fficient used in representing Y as a

"YPI t' (unction of t)-* product Op

wr :- I-31(4 InYY 6rY Ys O -el(()4nt &,CI±r • resepro•tingl Y am a
W7 , function ot Ut. ;roe.uct wr

y ir . 7irst orter coel ic'~nt used in repyesenitag
10' ~ Y a* a 6fiancir of Sr

Sr ..r . First order uos'!acics't used in repruestatn$

4 am ao & tnction ot (?1- 1)
5 r
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a a * .. NOTMvuI b.)dy axis; '%Iso tht :nardlnatc of &
petat'reLatiVO to tIie %r)Vri4 O IJO( y Axes

5' *t Thbe a coOrdtnnat at CS

atc' s SC The is oordinate oa CC

a a a to A coodtraite of .he displacement of CGa r *tat-% th)e ait 1n o( & ct of (txv4 avsas

7. u -u.- Hydroa - .,mic ()rc a component along a
I,4-LU 4  

axis tro-rna.& force)

ze* " a ', Norwral "=rce '-hcn body angles (a. I) and
control su¢rfacc 4nIte are taro

Z Z " . aSecond rdr cactfijc--nt 6.cd in representingPO pp Oe, Z. Z as a :unction of p. Frst order coeftcfcent

j z First or liar cooffic.ent useed -.m representing

zSz ' • Firest orter co.ofic.enIt used ti representting
e z At as a (fuctl.on of (?I--

L ei. - -ft rOepnt r:e- ALM am

I4 am , tn~ion W~

a 3.-. Coefficients JAsat ý:- rtpressm-ting Z s a

z -Irva Coef.ficient wisoiil .m representing Z &a a
Zr (,ictrion ad Uie product rp

r z , Second order Amwte;:'C•it in n representing
iiTT--r - as a funr.ct'on of r. F'rst ord1er coefficient

to zero

'2 i F"-Tirst or,4 y cc-Officlet 'sued 'n representing
Ul "-W 40 A (ufCtori 31

z', rtia t ardtrr coeisiicint seal in reprcs.nting

Zw &I a function o; (n.- 1)

' y-w- T ret orde.r coeC',c" nt used n reprosanting11 tel"l Z as a function A4 w: 3qual ta taro for sym-

mdtrlcail function

zva w 4%q L=!& C04fflci,,t %vied in rwprý,,iriq 7wIs a
;function et q
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z w I Zwwwwi Second order co,2fftcient used its representing
Z- Ia a function of w

•wIw~q TFirst d used in reprasentingW IT 1 a s a function of (1- U1
Zww w

z wrW zw _ • Second order coefficient us.1d in rwpreoonting

Z as a function of w; equal to zero for sym-

metric5 a fU ction

z4b .Sb' a First order coefficient &sed in representtng Z
T.-IrUTas a func~tion of 6b

z First order, coe(ficient used in repreeentin;I

*~ Z eJ)LT• Z as a function af

z _ First order cooel!ciient 4ced in representing

z as a function of (n- 1)

£ Angl, of attack

D Aagle of drift

1b Deolection of bowplane or sailpLane

t 0slnection of ru4dder

* Deflection of $teronplane

'P rhe ratio

*t Anglo of pitch

SAngle of yaw

* Ange of roU

41. b . c Sets of constants 40-.d ýn "hi representation of
propeller hbruot in tIne &Lail equation

i. . . .. . . . . . .. . .. . . . . . • •. . . •, .• . .
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A.2 EQUATIONS CF MOTION

AM~AL FORCF:

r.a v r + wq -X (q' 2 + r~(p r) + gx (pr )

qqmq4X r 2 4r rp]

x 2+ x 'v + X wj2 ~uu Ivw
2 i22 [X6 r*6' 6b X '5Xb6b''6

+j Ptja I&U 2 + b uu 4ct.

-(W -B) sin 0

- ~vvq7 .ww77 6r~rt? 2 Fx ''A r

+ I 2 (71

SI87
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mivt r p~U 0 ( + p 2 ) + Z0 (qr -p) x (qp + r)

r Y.'p + Y Pip IP +Yil pq Y r qr

z r pPIPI qq A

v-- L v Y vq y p +v *Y ' wr

L v vqwpr

U , +3 ur p .- Y U j r i~ r + Y_ (v w " ) l l r l

+ L3 p v 1vl

*-L 2 Y y uv y4 v J(v
2  w2

*9 L2  yv w Y 'I r
+ 

-.
I-y U26

(W-B) cos 8smn

r j

v v
1

V i
7 7 -'r

7 7 r
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NORMAL FORCE

+q ) x (rp ~~+ y.(rq +p)J

't,! £[ Z41 + Z P' p+ Zr ra + Z erp

~~%; +~ LW+ZV vz vp]

W vr Z p 4  'f

£2 wz 1(2 + uwwwaa w)*

£l z1ý uq w + Z ZII~' 1wj~ +v +wq -

+- ~[z' %12 + z uw sZw w va )

+ (W - B) coo 9@coo#*

+. c1Z, aiw+ 1 ' zW (v' 4w2)* I + z5 i 8 . ~il
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ROL.LING MOMNEN T

I~~ (~ - )qr + pq) + (r2  q) + (pr

+ r1 LYG (w -uq + vp) z. (v - wp + u.r)]

+T p qr pq@ PP

+- K Iup +K ur + Ký'

+-f £ K 'vq K. 'w-p+K wr
z Lvq wpwr

* 3[K.' u2 + K'v uv + K~1 j VvI V( v2Wk

1-3 K 'v-w +K Q3a 6rI

+ (yG W CoBle3 c os 0 ~(ZGW ZBB) Co.8si 1



PITCH-ING MOMENT

1 9+1! -I) rp - (p' +qr) + .(pa ra)I + 1qp r)
y aXy ax X

vm[:0  + wq)x 0 ;-uq + Vp j

~2 M.. q + %I a + M4 r2 + M rp + Mqjj qiqil
z L'q pp, rro rp 4lq

L- . w M 'vr* ' vp

7 Lýq' * Mlql,,' ujj + Mjwlý (v2 +

+4£~.'u3 + M' uw .w rv
T L

+- L uw*M 1 ~

13+- vv vq M '2u 6 s+ M 5b 3bJ

xcW x 5) Cos 6 Cos (z - z BB)sin 9

~9 M uw *'4 w(v 2  +)1  
*' 5 u3 '(77-1)

w?7 Lw wir ws~
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z r+( x ) pq + rp) 1z +. Wq -
3 ) .4 (r q - P)

+ 'L"G c wp +4 ur) - YG(u - r + wq)

Nr + N. p .N 'pq *Nqr+imr I
2 L. r p pq qrr j.

+ N- N wr+N. 'wp +N qL V wr wp vq v

4~LNup + N r ur N r~ uir1.5r N 1 1 !(v + 2) 1

r-L'NV~ rr v

+ (xG W- x BB) cos'9 sn (y GW -Y BB) sin 1)

VN ur (17-1)

z r 17

.-E e.'N uv + N v +W3v I +N 5 a(7
v vl vfjt 17' + rf Nm r
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A.3 AXIS TRAI.SFORMATIONS [2)

1) A transformnation of an axes system takes a quantity descritec

in one frame of reference and transforms it into another frame of

reference such that if we measured the same quantity in the second

frame of reference the transformed quantity and the measured quantity

would bt identical.

2) Transformts betweer frames are needed in the study of the motions

of ocean vehicles because the equations of nmotion for such a vehicle

are most easily derived in the inertial frame attached to the earth

(x y Y z ) frin, while te forces acting on the vehicle are most
0 0 z

easily evaluated in the frame attached to the vehicle (x, y. z).

Hence, we ultimately desire to transform the equations of motion

frm the inertial frame into the non-inertial frame fixed in the

venicle.

3) If V. is sae vector measure in the x* 0 YO 0 Z0 frame and V

some vector measured in the x, y. z frame which is only cnanged

in orientations then:

V T ( . 0 where T ( , *.,) • the transform.

Where

Co Cos I

T ., v ) * -sin* cso *+ sin* sino cosk

sin* sin. * coso cosw sinq

cosi sin4 -sin4

cos• cas# + sin. stni sino sino cos4

-sin* cos4 corosa sinq sin. cos* cosO
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4) If V and are the same vectors as in (3) above, then:

0 T

Where

T" ( . .e, )•

ccsO cos# -sin# cos6 + slno sin# cosv

L0sO sin# coS6 cos# + sin# sino sink

-cs iSn 9sino cose

sino sin. + cos* cos I sin.

-sin4 cosw + coso sin sinp

cosO COS4
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APPENDIX B

8.1 LIST OF VARIABLES

VAR IABLE MEAN ING

A Six by six matrix contining coefficients

of UOT, VOT. WOT, POT. QOT, ROT.

AA Six by six matrix set equal to matrix A

oefore eacth call to FUNC. The values of
AA are lost in the matrix reduction perfonwrd

by LEQT1F.

AIA2 Limits used for selecting the proper

propel ler thrust.

AIBIC" �Sit of constants mpresenting the propeller

4'thrust in tn* X-eq.uation.

a Ship's buoyancy.

WORATE Avirage boplane rate.

BOI•AX xM4imum ordered oowplane deflection.

COURSE Upw course for tnt snip.

DECRIT Value of depth error when dive planes are

returned to zero deflection.

DELI Calculated *eflection of the bomplane.

5EL3 Calculated defiction of the stern plane.

Litj
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DEL4 Calculated deflection of the rudder.

0(LB Actual bowplane deflection at tim t.

D)LSO Actual bowplane deflection (units changed

for output).

OELGM Amount the original GM is to be changed.

OaLR Actual rudder deflection at time t.

DELRO Actual rudder deflection (units changed

for output;.

DELS Actual stern plane deflection at time t.

DELSA Actual stern plane deflection (units

changed for output).

DEFT Time increment used In iteration.

0IFF Difference oetmeen present depth and

ordered deoth.

Six by one metrix containing solution to

right nand side of equations of motion.

LCNT Counter used to count the ni.mlr of

iterations

ID Forty-character alphanumirlc heading.

INOA If grmater than zero, read new sitearine

"woefficients. If less than or equal to

zero, '.w same sogym.r4in for new initial
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cond' tions.

IX,IY,IZ,IXY.IXZIYZ -Moments of inertia.

KCOEFF K - equation coefficients.

L Ship's overall length.

LEQT1F Matrix reduction subroutine from IMSLIB (3]

m Ship's mass.

MAXA4G Maximum ordered dive/ascent angle.

KCOEFF M - equation coefficients.

NCOEFF N - equation coefficients.

NO0IFF Acceptable error range around ordered depth,

NOPtCH Acceptable error range around zero pitch

angle.

30EPTH Ordered depth.

13KRSR Acceptaole error r•nge around. ordered

course.

PR.; Angular velocity &.out tVe x, y, and z

axes respectively.

POT,QDT.DT Angular acceleration about oe x, •, and Z

axes respectively.

POTO.QGTOG.RDT0 Angular acceleration about tne x, y, and z

!,

•i fI~tl i~lO i , II [ -- -
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axes, respectively (with units changed for

output).

PHI Angle of roll.

PHIO Angle of roll (with units changed for

output).

PO.QO.RO Angular %velocity about the x, y, and z

axes respectively (with units changed for

output).

PSI Angle of yaw.

PSIO Angle of yaw (wit-r units changed for

output).

PHO Sea water density.

RRAT- Average rudder rate.

RUO•AMT maximp ordered rudder deflection

STERAT Average stern plane rate.

L SRMs Aximua ordered stern ;lane deflection.

STOW Storage atray for nalf of output data.

T Present tim.

T! fib Tim lag signals.

TMaETA eAngL of aitch.

~ ~ -~r
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THETAO Angle of pitch (with units changed for

output).

TLAGS Time lag for bowplane control system.

TL.AG$Z Time lag for the ruddoir control system.

TLAGS Time lag for stern plane control system.

UV.W Forward, lateral, and vertical velocities

wspec t ely.

UOT.VDT,4OT Forward, lateral, and vertical accelerations
respectively (aitn units changed for output).

UO Initial forward velocity.

UOOVO.Ko Forvard, lateral, and vertical velocities
respectively (with units changed for output).

WT Ship's .veight.

XYZ Coordir.t* lacels of the fixed (xo. Yo'

zo) cuordt••te system.

X3,Y3.iB The x, y, z position of the c-nter of

ouoyancy.

XCGE:F= •- equation c-emficients

XDTYUT,ZDT Velocities in the fixed coordinate syztem

aI0onq 'te x0, ,;, 0 ?,re$ hiVelv.

XG,YG,ZG 'le x, y, z Position of thl center of

Jw'

------,r.'-
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gravi ty.

YCOEFF Y - eauation coefficients

ZC.•FEFF Z - equation coefficients

I I-I

1-rn.".
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8.2 COMP~UTER PROGRA~M LIST1U4G

~I. - z -i

vi 1-1

R IA-
" .dc

-A 0* 
a1 6" -
o - U.--

Id I~

3~31
e..j' - -b ~3

w. .d3t

-6 -kA
46- - fm-4C

~IA

'JZ U 0'd 2. CL ý6 _h . A.

)Ad -l "- - - -

-.. 21 PCIfl.S CI - 0

~~3 g A. %A 0 00 a 0l

4c 6 .a -C

I ,- -. 
- -j "- -

vj = = O. =

AA- ~0 '
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4~J 3

0 0.

4; AJ

4K 11 4K ,KIK 4
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= ~a ~--a w& aC~I.a i.j0
0.~~~~A .*- ~ *ij~P
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*..j 4 a'

00 *1.4
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B.3 LEQT1 F

A - input matrix of dimension 3 by N containing the coefficient

matrix of the equation AX a B.

On output, A is replaced by the LU decomposition of a

row1se permutation of A.

M - nuer of rlit-nand sides. (input)

N - order of A and nuwber of rows in B. (input)

IA - nuer of rows in tne dimmnsion statement for A and B In

the calling program. (input)

a input matrix of dimension N by M containing riht-hand

sides of tne equation AX * .

Un Out;Ut, tne 'I Ay '4 solution t replaces a.

IDGT - input option.
If IDGT Is greater than J the ele of and B art

asumed to "e correct to IOGT ,)cimal digits and the

routine performs an accuracy test.

If I•GT equals ;ero, tne accuracy tast is bypassed.

wKAREA - work area of dimension greater than or equal to 3I.

4ER - error parameter

terminal error l46 + .4

N * I indicates t.at A ii s orit--;"ly !ingular.

Warning error * 32 * 4.

N • 2 indicates that tLe accuracy test failed. The

comuted solution may •e in error ýy more tman can be

accounted "or jy tae uncertalnty of the data.

CALL LETIF (A, ,, :4, IA. B, I3GT. 4KARLA, IER)


